The goal of this work was to reduce the scan time of contrastenhanced whole-heart coronary magnetic resonance angiography (MRA) by using a gradient echo interleaved echo planar imaging (GRE-EPI) sequence at 3 T field strength. Materials and Methods: A GRE-EPI sequence was optimized to acquire contrast-enhanced whole-heart coronary MRA at 3 T. First-order phase correction was used for alignment of the odd and even echoes in the GRE-EPI echo train. Single and dual reference scan techniques for estimation of the linear phase correction parameters were evaluated using both phantom and volunteer studies. The GRE-EPI readout was combined with parallel imaging for a further reduction in scan time. To avoid image distortions, calibration signals for coil sensitivity estimation were acquired in a separate low resolution GRE scan before the whole-heart GRE-EPI scan. Eight healthy volunteers were scanned with the optimized contrast-enhanced GRE-EPI sequence. GRE-EPI images were acquired during slow infusion (0.3 mL/s) of 0.1 mmol/kg body weight of Gd-BOPTA. For comparison purposes, the same 8 volunteers were scanned again in a separate scan session using a traditional GRE sequence with double the dose (0.2 mmol/kg body weight) of the same contrast agent with the same injection rate. The contrast-enhanced GRE-EPI and contrast-enhanced GRE techniques were compared in terms of relative signal-to-noise ratio (rSNR), relative contrastto-noise ratio (rCNR), image quality scores, and visualized vessel lengths. Results: Both, phantom and volunteer studies demonstrated that the dual reference scan phase correction technique was a key step for obtaining satisfactory image quality using GRE-EPI at 3 T. Whole-heart coronary MRA with a spatial resolution of 1.0 ϫ 1.0 ϫ 2.0 mm 3 was acquired with the GRE-EPI sequence in an average scan time of 2.5 Ϯ 0.6 minutes, compared with 8.6 Ϯ 2.7 minutes for the GRE technique. The GRE-EPI technique had lower rCNR compared with the GRE sequence. The image quality and coronary artery visualization with the GRE-EPI technique were adequate, and there was no statistically significant difference in the image quality scores, rSNR, and visualized coronary artery lengths between the GRE-EPI and GRE techniques. Conclusions: Contrast-enhanced whole-heart coronary MRA using the GRE-EPI technique resulted in excellent delineation of all the major coronary arteries and compared with current GRE techniques demonstrated a factor of 2 reduction in contrast agent dose and a factor of 3 reduction in scan time.
W hole-heart coronary magnetic resonance angiography (MRA) 1 acquires a thick axial slab covering the entire heart and allows the coronary arteries to be imaged in a single volume. The main advantage of this technique is that it eliminates the time-consuming process of localization of the coronary arteries and substantially improves the workflow of coronary MRA. Furthermore, it is possible to retrospectively reconstruct arbitrary views for optimal visualization of each vessel. Whole-heart coronary MRA has previously been applied at both 1.5 T 2 and 3 T 3 and has shown promising results for detecting coronary artery disease. However, the major drawback of this technique is the relatively long data acquisition time on the order of 10 to 15 minutes despite an acceleration factor of 2 with the use of parallel imaging methods. [1] [2] [3] [4] [5] [6] [7] Further increase in the acceleration factor is limited by the available signal-to-noise (SNR) and coil array geometry. Drifts in diaphragm position, patient motion, and heart rate variations during these long imaging times may compromise the robustness of whole-heart coronary MRA and result in imaging artifacts. 8 Echo planar imaging (EPI) has the potential to reduce the imaging time of whole-heart coronary MRA, but this technique is sensitive to flow and off-resonance artifacts. Gradient echo interleaved EPI (GRE-EPI) 9 is a hybrid technique that provides a trade-off between scanning efficiency and artifacts and has previously been successfully applied to coronary MRA. 10 -14 All of these studies were performed at 1.5 T or lower and had limited slab coverage and spatial resolution. Recently, a GRE-EPI-based method using slow infusion of contrast agent 15 was proposed for contrastenhanced whole-heart coronary MRA at 1.5 T. This study achieved whole-heart coverage in a scan time of approximately 5 minutes.
The use of 3 T field strength could lead to a further reduction in scan time by combining GRE-EPI with parallel imaging methods because of the increased SNR at 3 T. However, the increased B 0 field inhomogeneity at 3 T can compromise the image quality of GRE-EPI. The goal of this work was to optimize a GRE-EPI acquisition scheme at 3 T field strength for further reducing the imaging time of contrast-enhanced whole-heart coronary MRA. Phantom studies were used to optimize the GRE-EPI sequence. Healthy volunteers were scanned with the proposed sequence. Slow infusion of an extravascular, paramagnetic contrast agent, gadobenate dimeglumine (Gd-BOPTA) was used to enhance the SNR of the whole-heart GRE-EPI acquisition.
MATERIALS AND METHODS
Eight healthy volunteers (6 male and 2 female, average age 36 Ϯ 13.8 years) were scanned on a clinical 3T scanner (MAGNETOM Trio, A Tim System, Siemens AG Healthcare Sector, Erlangen, Germany). Gd-BOPTA (Multihance, Bracco Imaging SpA, Milan, Italy) was used as the contrast agent. Written consent was obtained from volunteers in compliance with the institutional review board of our institution.
Sequence Design Considerations
An ECG-triggered, fat saturated 3D GRE-EPI sequence similar to that proposed previously 15 was used for contrast-enhanced coronary MRA at 3 T. To achieve blood/myocardium contrast during contrast-enhanced imaging, inversion recovery preparation with an adiabatic inversion pulse was used. This has the additional side effect of nulling the fat signal, leading to excellent fat suppression in the presence of increased B 0 and B 1 inhomogeneities at 3 T. All acquisitions were performed during free breathing with navigator pulses placed on the dome of the right hemidiaphragm. A Ϯ3 mm acceptance window with a correlation factor of 0.6 (which describes the scaling in the measured motion of the diaphragm before application to the heart in the superior-inferior direction) was used for prospective real-time adaptive motion correction. 16 An echo train length of 6 was used and k-space was filled in an interleaved manner. 9 Echo shifting 17 was used to minimize the phase discontinuities in the central k-space region. Asymmetric k-space sampling was used in the phase encoding direction to achieve a shorter TE to minimize off-resonance and flow artifacts. Partial Fourier reconstruction was used to synthesize the unacquired k-space region. 18 Further details about the GRE-EPI sequence, reordering scheme and selection of inversion time (TI), and flip angle can be found in the study of Bhat et al. 15 A bipolar readout gradient was used to maximize scan efficiency. First-order phase correction was used to align the even (acquired with positive readout gradient) and odd (acquired with negative readout gradient) echoes. The first-order phase correction parameters were estimated using a reference scan acquired without any phase encoding gradients. The n th even echo in the reference scan, after one-dimensional Fourier transformation is given by, 19 P n e ͑x͒ ϭ e Ϫi͑␣xϩ␤͒ ͐ y ͑x, y͒e
where ͑x, y͒ and ⌬ 0 ͑x, y͒ are the spin density and off-resonance frequency at location (x, y) respectively, TE n is the echo time of the n th echo, M n ͑x͒ and A n ͑x͒ are the magnitude and phase of the integral in Eq. (1). In similar manner, the n th odd echo, after one-dimensional Fourier transformation is given as,
The linear phase term i͑␣x ϩ ␤͒ is due to various factors including system imperfections, gradient delays, and eddy currents 20 and has opposite polarity in the even and odd echoes because of the opposite readout gradient polarities. This linear phase term needs to be estimated using reference scans, and subsequently removed from the corresponding echoes during image reconstruction. Conventionally, a single reference scan is acquired for phase correction. 20 In this situation, the even and odd echoes have different TE's and the phase difference between them, in addition to the linear phase term contains the term ͓A n ͑x͒ Ϫ A nϩ1 ͑x͒] because of off-resonance effects. At 3 T, this off-resonance phase term interferes with accurate estimation of the first order phase correction parameters. A "dual reference scan" method similar to that proposed in references 19, 21 was used to overcome this problem. The acquisition for this scan involves acquiring 2 sets of reference lines, with opposite readout gradient polarities (Fig. 1) . With the dual reference scans the even and odd echoes are acquired with the same TE, and the phase difference between them is given by
This phase difference is independent of the off-resonance phase and contains only the linear phase term that can be easily estimated. In this work, the autocorrelation method 22 was used for estimation of the phase correction parameters.
To further reduce the scan time, GRAPPA 23 was used in the phase-encoding direction with an acceleration factor of 2. The use of auto-calibration for GRAPPA requires the central k-space views to be fully sampled and the outer k-space views to be undersampled by the desired acceleration factor. This variable density k-space sampling combined with the GRE-EPI readout results in different k-space traversal velocities in the central and outer k-space regions. This results in more off-resonance phase accumulation in the central k-space region and lesser phase accumulation in the outer k-space region. As a result, the low frequency parts of the image (corresponding to the central k-space region) are more distorted compared with the high frequency parts of the image (corresponding to the outer k-space region). 24 To avoid such image distortions, auto-calibration was not used, and the reference lines were acquired using a separate low-resolution GRE scan before the whole-heart GRE-EPI scan. 25 The reference lines were acquired during free-breathing without any ECG or navigator gating in approximately 4 to 5 seconds with a spatial resolution of 4 ϫ 4 ϫ 4 mm 3 .
Phantom Studies
The goal of the phantom studies was to evaluate the effectiveness of the dual reference scan phase correction technique in the presence of off-resonance effects. The phantom setup consisted of 2 water and fat bottles. To simulate off-resonance effects images were acquired with the scanner frequency set to the water and fat resonance frequencies respectively. Images were reconstructed with the dual reference scan method. For comparison purposes, images were also reconstructed with a conventional "single reference scan" method in which only one reference scan 20 was used to obtain the phase correction parameters. The GRE-EPI sequence parameters used for the phantom studies were the same as those used for volunteer imaging (described in the next section) with the only difference being that the fat suppression pulse was removed to visualize both the water and fat components of the phantom. 
Volunteer Studies
An inversion recovery prepared GRE-EPI sequence was used to acquire contrast-enhanced whole-heart coronary MRA during free breathing. Parameters for the GRE-EPI sequence were TR ϭ 10.6 milliseconds, TE ϭ 3.5 milliseconds, 6 echoes after each RF pulse, flip angle ϭ 25 degrees, readout bandwidth ϭ 1221 Hz/pixel, nonselective inversion pulse with a TI of 350 milliseconds, 60 to 78 lines per heartbeat with 10 to 13 RF excitations in a data acquisition window of 106 to 138 milliseconds, FOV ϭ 265 ϫ 174 -232 ϫ 112-128 mm 3 (readout ϫ phase encoding ϫ partition encoding), matrix size ϭ 256 ϫ 168 -224 ϫ 56 -64, voxel size ϭ 1.0 ϫ 1.0 ϫ 2.0 mm 3 interpolated to 0.5 ϫ 0.5 ϫ 1.0 mm 3 . The estimated imaging time for the GRE-EPI whole-heart scan would be 1 minute, assuming a heart rate of 60 bpm and navigator gating efficiency of 100%. A 0.1 mmol/kg body weight of Gd-BOPTA was injected at a rate of 0.3 mL/s followed by a flush of saline using the same amount and rate. The amount of contrast agent was half of that used in previous studies. 15, 26 This was possible because of the reduced imaging time of the GRE-EPI acquisition. For maximal SNR, a previously described method was used to automatically trigger the scan during peak contrast enhancement. 27 The partitions were acquired in a centrically reordered scheme to acquire the central k-space lines during peak signal enhancement.
For comparison purposes, all the volunteers were scanned again in a separate scan session using a traditional GRE sequence 26 with double the dose (0.2 mmol/kg body weight) of the same contrast agent with the same injection rate. The increased contrast dose was similar to previous studies 26 and was required because of the longer scan time of the GRE acquisition. The matrix size and spatial resolution were the same as the GRE-EPI acquisition. The scan parameters for the GRE sequence were as follows: TR ϭ 3.1 milliseconds, TE ϭ 1.5 milliseconds, flip angle ϭ 20 degrees, non selective inversion pulse with TI ϭ 200 milliseconds, 34 to 44 lines per heartbeat in a data acquisition window of 106 to 138 milliseconds, readout bandwidth ϭ 700 Hz/pixel, GRAPPA acceleration factor of 2 in the phase encoding direction. For all the scans, a 4-chamber cine scan was used to determine the quiescent period (in mid-diastole) for coronary artery imaging.
Image Reformatting and Data Analysis
Whole-heart coronary artery images were reformatted using the CoronaViz software (Siemens Corporate Research, Inc, Princeton, NJ) to project multiple vessel branches onto a single image. 28 Blood SNR and blood-myocardium contrast-to-noise CNR were evaluated in the contrast-enhanced GRE and GRE-EPI images. Blood signal was measured in the ascending aorta at the level of the left main or right coronary artery. Myocardial signal was measured in the left ventricle adjacent to left anterior descending coronary artery. Image noise was estimated as the standard deviation in background air. SNR of blood was calculated as the ratio of blood signal to noise standard deviation. CNR between blood and myocardium was calculated as the difference between blood and myocardium signals divided by the noise standard deviation. 29 To avoid problems associated with spatially varying noise profile in images reconstructed with parallel imaging, the SNR and CNR measurements were made from similar ROI's in the GRE-EPI and GRE images. Because these 2 images have similar coil position, imaging volume, and reconstruction method, a relative comparison between SNR and CNR is possible as suggested in the study by Bi et al. 26 The SNR and CNR measurements made with this approach are referred to as relative SNR (rSNR) and relative CNR (rCNR) respectively. The GRE-EPI and GRE images were also compared in terms of image quality scores and visualized vessel lengths. Image quality was evaluated based on the raw images by 2 observers blinded to the technique. Image quality was graded as (1) poor (nonassessable); (2) fair (mild to moderate artifacts); (3) good (minimum to mild artifacts); and (4) excellent (minimum or no artifacts). The visualized vessel lengths were measured on curved multi planar reconstructions of each artery. Quantitative comparison between the rSNR, rCNR, image quality scores, and visualized coronary artery lengths was performed using a paired t test. Figure 2 shows phantom images using the dual (Figs. 2A and  B) and single (Figs. 2C and D) reference scan techniques. Figures  2A and C have the scanner frequency set to the water resonance frequency and 2B and D have the scanner frequency set to the fat resonance frequency. The dual reference scan technique results in images without ghosting artifacts at both frequencies ( Fig. 2A, B) , demonstrating the robustness of this approach in the presence of a wide range of off-resonance effects. The single reference scan method gives results similar to the dual reference scan method when the scanner frequency is set to the water frequency (Fig. 2C ) but results in ghosting artifacts when the scanner frequency is set to the fat frequency (Fig. 2D) . Figure 3 shows a comparison between the dual and single reference scan techniques in 2 healthy volunteers. Figures 3A and B show the phase difference between the even and odd echoes using the dual (solid line) and single (dotted line) reference scan techniques. With the dual reference scan technique, the linear phase difference between the even and odd echoes is obvious and can be accurately estimated. For the single reference scan technique, this phase difference is influenced by the offresonance phase effects and deviates significantly from the expected linear approximation, making the estimation inaccurate. The effect of phase correction on the images is seen in Figures 3C-F 
RESULTS

Phase Correction
Volunteer Studies
All the volunteer studies were successfully completed. Quantitative comparison between the contrast-enhanced GRE-EPI and GRE acquisitions is shown in Table 1 . The average scan time for the GRE-EPI sequence was 2.5 Ϯ 0.6 minutes with an average navigator efficiency of 43.1% Ϯ 10.9%. In comparison, the average scan time for the GRE technique was 8.6 Ϯ 2.7 minutes with an average navigator efficiency of 41.3% Ϯ 13.1%. Compared with the GRE technique the GRE-EPI technique had (i) rSNR decreased by 15% (37.3 Ϯ 15.4 to 31.5 Ϯ 11.9, the difference between them was not statistically significant P Ͼ 0.05) and (ii) rCNR decreased by 35% (30.0 Ϯ 10.9 to 19.8 Ϯ 8.9, the difference between them was statistically significant P Ͻ 0.05). The average image quality score for the contrast-enhanced GRE-EPI acquisition was 2.6 Ϯ 0.5, compared with 2.9 Ϯ 0.8 for the contrast-enhanced GRE acquisition. The difference between them was not statistically significant (P Ͼ 0.05). The average visualized vessel lengths of the right coronary artery and left anterior descending coronary artery were similar for both the techniques (P Ͼ 0.05 for both). Figure 4 shows reformatted coronary artery images from 4 healthy volunteers using the contrast-enhanced GRE-EPI acquisition (Figs. 4A-D) and contrast-enhanced GRE acquisition (Figs. 4E-H) , acquired in separate scan sessions. The coronary artery delineation between the 2 sequences is similar, however, compared with the GRE sequence, the GRE-EPI sequence has (i) half the dose of
Whole-Heart Coronary MRA at 3 T With GRE-EPI contrast agent (0.1 mmol/kg as opposed to 0.2 mmol/kg) and (ii) imaging time reduced approximately by a factor of 3.
DISCUSSION
In this study, contrast-enhanced whole-heart coronary artery images were acquired at 3 T in an average scan time of 2.6 minutes using the GRE-EPI sequence. This is approximately a factor of 3 reduction compared with previous protocols reported at both 1.5 T and 3 T. [1] [2] [3] [4] [5] 7 This short scan time minimizes respiratory and cardiac motion artifacts because of changes in breathing pattern, patient motion, and heart rate variations. It should also lead to increased patient comfort.
GRE-EPI was previously proposed for contrast-enhanced whole-heart coronary MRA at 1.5 T. 15 In this study, we used the GRE-EPI technique at 3 T field strength. In our previous work at 1.5 T, a single reference scan phase correction technique was found to be adequate for alignment of the even and odd echoes. At 3 T, we found that the single reference scan technique did not work well because of the increased off-resonance effects, and so we used a dual-reference scan technique 19 for linear phase correction of the GRE-EPI data. Both phantom and volunteer studies showed that this dual reference scan technique is critical for obtaining satisfactory image quality using GRE-EPI at 3 T.
A number of different phase correction techniques have been proposed for echo alignment in GRE-EPI. One of these 30 is an image-based phase correction method, which was initially proposed for single-shot EPI and later extended for multishot EPI. [31] [32] [33] This method calculates the phase correction as a one-dimensional linear or nonlinear function and has the advantage that no reference scan is required. However, because it requires manual selection of ROI's in the image (from which the phase correction parameters are estimated), it was not used in this study. Another method is based on acquiring fully phase encoded reference scan data 21 with the gradient polarities reversed between image and reference scan acquisition, and results in a full 2D phase correction. The dual-reference scan technique used in this work is somewhat similar to this method because it acquires 2 reference scans with opposite readout gradient polarities. However, the difference is that it does not acquire any phase-encoded reference scans because of the unrealistic scan time requirements of a 3D phase encoded reference scan. On the basis of our experiments, a simple one-dimensional linear phase correction based on the dual reference scan technique was adequate for echo alignment over a wide range of off-resonance frequencies, which are present at 3 T field strength.
Compared with our previous study at 1.5 T, in this work the higher SNR at 3 T field strength was used to combine the GRE-EPI readout with parallel imaging for a further reduction in scan time by a factor of 2. GRAPPA was used in this work as opposed to techniques like SENSE because of its insensitivity to motion. 24 To avoid artifacts because of different k-space traversal velocities in different k-space regions, 24 the reference scan for GRAPPA coefficient estimation was acquired using a separate low resolution GRE scan prior to the high resolution GRE-EPI scan. On the basis of our initial testing we observed that the reference scan could be acquired during free-breathing, without ECG or navigator gating. This resulted in a short scan time of 4 to 5 seconds for the reference scan.
The reduced scan time in this study allowed the contrast agent dose to be reduced from 0.2 mmol/kg (used in previous studies 15, 26 ) to 0.1 mmol/kg. One of the disadvantages of using 0.2 mmol/kg contrast agent for whole-heart coronary MRA is the increased safety concern, and the inability to acquire first pass perfusion scans in the same imaging session. Because this study acquires whole-heart coronary MRA with a contrast dose of 0.1 mmol/kg, it can potentially be combined with first pass perfusion scans using an additional 0.1 mmol/kg of contrast agent, resulting in a total dose of 0.2 mmol/kg. In addition, the coronary MRA and perfusion scans could be followed by a delayed enhancement scan, making a comprehensive cardiac MRI examination at 3 T viable.
In this study the GRE-EPI sequence was compared with a conventional GRE sequence. Compared with the GRE sequence, the GRE-EPI sequence had contrast agent dose reduced by a factor of 2, and imaging time reduced by a factor of 3. The GRE-EPI technique had lower rCNR compared with the GRE sequence. The reduction in rCNR is probably due to the longer TI (350 milliseconds) in the GRE-EPI sequence compared with the GRE sequence (200 milliseconds). This TI for GRE-EPI was selected to avoid image artifacts because of signal decay within each heart-beat, 15 and leads to increased myocardium signal, resulting in lower CNR. In spite of this reduction in rCNR, which is one of the disadvantages of using GRE-EPI, this technique still resulted in comparable rSNR and adequate coronary artery delineation.
Another disadvantage of GRE-EPI is its sensitivity to flow and cardiac motion artifacts. In this study, these artifacts were minimized by using relatively small TE (3.5 milliseconds) and TR 
FIGURE 4.
Reformatted coronary artery images from 4 volunteers using a contrast-enhanced GRE-EPI sequence (A-D) and a contrast-enhanced GRE sequence (E-H), acquired in separate scan sessions. The GRE-EPI sequence has contrast agent dose reduced by a factor of 2 and scan time reduced by a factor of 3.
